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SUMMARY \

\
2QQQ4 }

Eighty-five new anode-electrolyte combinations were studied in the con- ;

i

J
H

tinuation of a screening program designed to single out those systems /
which are most promising for further development. Among these, eight
anode systems could sustain discharges at 100 ma/cm® without excessive
polarization. An additional forty-two systems could sustain at least

10 ma/cmz. Linearly varying potential and coulombic efficiency studies
were initiated to provide a more extensive electrochemical evaluation

of some of the anode systems which had exhibited promising characteristics

in preliminary studies. \\

Cupric fluoride cathodes prepared by dry-press techniques exhibited un-
satisfactory electrochemical characteristics. Cathodes of lead dioxide
and manganese dioxide yielded performances which were reproducible and
superior to those of cupric fluoride, but did not perform well enough to
be used in a high energy density battery. Preliminary studies of soluble
cathode depolarizer cells indicated that utilization of cathodes of this
kind might be feasible, provided that it is possible to separate a soluble

cathode depolarizer from an anode by some means without affecting cell

performance. 4_} lle

Chemical stability tests involving prospective electrode materials in
various electrolytes were carried out, and solvent purification by vacuum
distillation was undertaken to determine if trace impurities in the solvents

can affect electrochemical characteristics significantly.

H



INTRODUCTION

The objective of this research is to develop a primary battery with an
energy density of at least 200 watt-hours per pound of total battery
weight.

Preliminary electrochemical evaluations of calcium, lithium and magne-
sium anodes in various electrolytes have yielded several promising com-
binations thus far and studies have been initiated to evaluate some of

these systems more thoroughly.

Efforts to improve the electrochemical characteristics of dry-pressed
cupric fluoride cathodes have been unsuccessful. Concurrently, consid-
eration has been given to possible approaches for eliminating some of
the difficulties associated with conventional techniques of cathode

fabrication.
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A PROGRAM TO DEVELOP A HIGH-ENERGY DENSITY PRIMARY BATTERY
WITH A MINIMUM OF 200 WATT HOURS PER POUND OF TOTAL BATTERY WEIGHT

by

William E. Elliott, James R. Huff, Robert W. Adler and Warren L. Towle

ABSTRACT

Electrochemical half-cell screening of 85 anode-electrolyte combinations
was carried out and coulombic efficiency and linearly varying potential
studies of anode systems were initiated. Cathodes of CuFz, CoFs, PbO,
and MnQ, were tested for electrochemical capability and a study was made
of the electrochemical characteristics of cells which utilized soluble

cathode depolarizers.
Compatibility tests involving electrode materials were completed in sev-

eral electrolytes. 1In addition, a study to determine the effect of dis-

tillation on solvent and electrolyte properties was undertaken.
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I. OVERALL PROGRESS

Progress during the fourth quarter encompassed work in the following

areas:

£ W o

Electrochemical half-cell screening of anodes.
Linearly varying potential studies of anodes.
Coulombic efficiency studies of anodes.

Development of cathodes. Fabrication and electro-
chemical studies.

Determination of the chemical stability of electrode
materials in electrolyte solutions.

Determination of the specific conductance of elec-
trolyte solutions.

Purification of solvents.

Experimental Approaches and Results.

1. Electrochemical Half-Cell Screening of Anodes.

a.

Approach. The procedure adopted for rapid, preliminary
evaluation of prospective anode-electrolyte systems on
the basis of polarization measurements was described in
detail in the Third Quarterly Report. This work was
continued during the fourth quarter to include eighty-
five systems which had not been studied previously. 1In
addition, the method was applied to evaluating the effect
of modifying the electrolytes for certain of the systems
which had been studied previously. Of specific interest
were electrolytes typified by morpholinium hexafluoro-
phosphate-N-nitrosodimethylamine with a lithium anode.
This system can sustain discharge at 100 ma/cm2 but the
anode is attacked by the electrolyte. It was observed,
however, that the reaction ceased after several hours and

that the specific conductance of the resultant solution
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was still in excess of 1 x 1072 ohm™t em™!, although the

value was approximately 50% lower than the wvalue prior to
exposure to lithium. Consequently, it was decided to
determine how a lithium anode would perform if the elec-
trolyte were pretreated with lithium until gas evolution
ceased. Several other similar systems were selected for

the same kind of study.

Results. The screening data for the eighty-five new anode
systems are given in Table I, pages IV-1 through IV-3k4.
Among these, eight systems could sustain discharge at 100
ma/cmz. Forty-two others were qualified as being capable
of discharge at a current density of at least 10 ma/cme,
but less than 100 ma/cm®. The remainder of the systems
exhibited excessive polarization at current densities of
10 ma/cm? and were classified as 1, 0.1, or less than 0.1

ma/cm2 capability systems.

The polarization data for lithium anodes screened in three
electrolytes which had been pretreated with lithium metal

are presented in Table II, pages IV-35 through IV-38, where
details of the pretreatment are given along with the results
for the same systems when the electrolytes were not pre-
treated. In each case, high current densities (10-100 ma/cmz)
were sustained and excessive decomposition of the anode did
not occur as it had in the untreated electrolytes. Thus far,
a positive identification has not been made of the products
which are formed upon pretreating the electrolytes with
lithium, but work of this kind will be carried out in the

future.



2. Linearly Varying Potential Studies of Anodes.

a.

Approach. 1In previous half-cell screening studies, constant
current techniques have been utilized almost exclusively.
Efforts have now been initiated to provide a more detailed
characterization of the electrochemical processes governing

the performance of promising anode-electrolyte systems. For
this purpose, controlled potential methods have been adopted.
In particular, the linearly varying potential (LVP) technique
has been selected to determine whether or not the electro-
chemical reaction at a given anode involves any reactions

other than oxidation of the metal. Other reactions may arise
either from oxidation of the metal through more than one

simple reaction, depending upon the nature of the particular
electrolyte and the electrode, or from oxidation of a component
of the system, other than the metal, which is capable of being
oxidized in the range of potentials investigated. Reactions of
the latter type could involve impurities in the electrode or

electrolyte, or the electrolyte itself.

In the linearly varying potential method, the potential of a
small test electrode of precisely defined area is increased and
then decreased as a linear function of time. By starting the
scan at a potential corresponding to the open circuit voltage
of the electrode being studied, and continuing in a given
direction, the current will rise to a peak and thereafter
either level off or decrease. The rise in current observed

is a function of the kinetics, i.e., the activation polariza-
tion of the reaction. The decay is attributable to the fact
that the reaction rate has increased with the changing potential
to the point that the transport of reactants to the electrode
surface (or of products away from the electrode surface) has
become slower than the electrode process and, thus, has limited

the passage of current. However, if a second reaction can occur



in the range of potential where the first reaction is transport
limited, the current may begin to increase again as the poten-
tial is continuously changed and result in a second peak or

inflection in the current versus potential curve.

The electrochemical kinetics apparatus employed in this work
has been described in previous reports. The high scanning rates
which can be achieved with this equipment permit detection of
secondary reactions which might not be ascertainable from

current-voltage curves obtained at lower sweep rates.

The anode-electrolyte systems to be studied by the linearly
varying potential technique were chosen on the basis of previous
half-cell screening evaluations. Systems capable of sustaining

high current densities (100 ma/cmg) are being examined first.

Results. A linearly varying potential study was made on the
anode system of Mg in an electrolyte of 1 molal AlCls in aceto-
nitrile. The counter and reference electrodes were Ag/AgCl in
all cases. The results obtained using sweep rates of 30, 100
and 330 mv/sec. are shown in Figure 1, page IV-39. At first,
26.45 mm? of Mg surface were in contact with the solution.
However, the currents obtained were too large to allow any
definitive examination of the system. Therefore, the area of
the Mg surface in contact with the electrolyte was decreased to
7.55 mm? before the scans depicted by curve II were obtained.
Curve II is typical of the results obtained at sweep rates of
30, 100 and 330 mv/sec. Curve III represents a final sweep at
30 mv/sec. At the conclusion of the experiment, the Mg surface
area had decreased to approximately 2.9 mm®., These data indicate
that only one reaction is taking place at the anode, presumably

the oxidation of Mg.



3. Coulombic Efficiency Studies of Anodes.

a.

Approach. Coulombic efficiency determinations were initiated

for anode-electrolyte systems which sustained current densities
of 100 ma/cm2 in the half-cell screening evaluations. The
procedure employed for these studies consisted of discharging
the anode (1 cm? initial area) at a constant current of 50
milliamperes in combination with a silver-silver chloride
cathode until all of the anode had been consumed. These dis-
charges were not forced, but were allowed to proceed sponta-
neously through a variable resistor implemented by a transistor
circuit which automatically adjusted the resistance to maintain

constant current.

Results. Initial efforts to determine the coulombic effi-

ciencies of promising anode systems were unsuccessful because

the cathodes became polarized so badly that spontaneous dis-

charge at the chosen rate of 50 ma was not possible. Subsequently,
a large silver chloride electrode was employed which functioned

effectively.

Efficiency determinations were limited to one system in this
period, magnesium in aluminum chloride-acetonitrile electrolyte.
Magnesium electrodes weighing 0.11 grams were discharged to the
limit of their capacity at 50 milliamperes. This discharge rate
corresponded to a current density of 50 ma/cm2 initially and
higher current densities as the magnesium was consumed. The
discharge curves for two trials with this system are presented
in Figure 2, page IV-40. In both cases, a coulombic efficiency
of Th% was achieved, based on a two electron change for magnesium.
In one case, a small fragment of magnesium was observed to break
off the lead at the end of the discharge, indicating that a
higher efficiency could have been achieved if this had not

happened.



4. Development of Cathodes. Fabrication and Electrochemical Studies.

.

Approaches. On the basis of its high theoretical energy density
capabilities, cupric fluoride was the first material selected
for cathode development. Since this substance and most of the
other active cathode materials which were initially considered
are not conductors (and must, therefore, be effectively combined
with conductive additives), the mode of fabrication is important

in determining electrochemical performance.

Initially, cathodes consisting of cupric fluoride and conduc-

tive additives (carbon black or metallic copper powder) were
fabricated by dry-press techniques and the effects of varying
composition and formation pressure were studied. These electrodes
were observed to polarize appreciably even at low current densities
(1 ma/em®) and, in general, the electrochemical characteristics
were not reproducible. The limitations of these cathodes were
believed to result primarily from insufficient intimate contact

of the active material with the conductive substrate. Subsequent
cathode development was approached in two different ways; part of
the effort was concerned with developing means of achieving more
intimate contact of active materials with the conducting substrates
and with controlling other factors which determine electrode per-
formance, such as porosity. Concurrently, attention was given

to modes of attack which may make it possible to circumvent the
difficulties and limitations associated with incorporating an

inert, conductive element with the active material.

Regarding the more conventional approach to electrode fabrication,
improved performance was sought during this period by continued
study of the fabrication technique involving the partial reduction
of cupric fluoride with hydrogen gas (cf. Third Quarterly Report).
The degree of reduction to copper metal varies with the time of
exposure. The metal formed in this manner should provide the

necessary conductive substrate.
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Another phase of this work was concerned with developing means
of increasing and controlling the porosity of the electrodes

to determine if this would have a beneficial effect on electrode
performance. The method adopted for this purpose consisted of
subliming a solid substance from a dry-pressed cathode pellet
under reduced pressure. Several possible sublimable substances
were considered on the basis of known vapor pressure-temperature
characteristics. After a preliminary experimental study, phenol

was chosen for use.

Fabrication of cupric fluoride cathodes by a filter pad technique
reported by another research group was started. However, no
electrochemical data have been generated thus far because of a
delay in the acquisition of materials. With respect to developing
concepts which may eliminate some of the problems and limitations
associated with conventional approaches to cathode fabrication,

two distinct possibilities were explored.

The first of these involves the use of high energy density cathode
materials which are non-stoichiometric compounds. Materials of
this kind are often conductive in themselves and may eliminate
the need to employ inert, conductive additives and the accompany-
ing fabrication problems. The initial experimental work in this
area involved the preparation and preliminary electrochemical
evaluation of cathodes of lead dioxide and manganese dioxide.
These materials have high theoretical energy density characteris-
tics and are known non-stoichiometric compounds. 1In addition, a
theoretical study and literature survey is being conducted to
select other possible high energy density materials which are

non-stoichiometric compounds.
The second approach explored was concerned with determining the

feasibility of utilizing soluble cathode depolarizers. Essen-

tially, a cathode of this kind consists of a concentrated solution
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of the active cathode material in contact with an inert con-
ductor. Utilization of an electrode of this kind offers the

following advantages over solid cathodes:

1) When the active material is in the dissolved state,
the problems of high resistance and low efficiency
resulting from insufficient contact with the con-

ducting element may be avoided.

2) 1In the fabrication of solid electrodes, it is desirable
to make the structure sufficiently porous both to per-
mit diffusion of the electrolyte into the inner elec-
troactive sites and to create an adequate number of
such sites. When the active material is in the dis-

solved state, this problem is also avoided.

An experimental study was undertaken to determine whether or

not cells employing soluble cathode depolarizers are (l) operable,
and (2) capable of delivering high currents. It was believed

that if cells could be made which satisfied these initial re-~
quirements, further consideration might be given to this approach,
provided that some means of separating a soluble cathode depolarizer

from an anode without affecting cell performance is possible.

The selection of the first active cathode materials for determin-
ing the feasibility of the soluble cathode approach was based

upon the following considerations.

Free energy calculations for the reaction --

PLi + Hp0 —> Hp ’[‘ + Lig0

yield a theoretical energy density in excess of 1,000 watt-hours

per pound. In this case, the voltages provided by lithium {or

calcium) are such that, theoretically, if an inert electrode is



operating at a potential where it can function as a hydrogen
evolution cathode, the Li-Hz0 couple (or Ca-Hz0) could still
deliver over 200 watt-hours per pound. The Li-Hz0 system
was not chosen for the initial experiments, however, because
of the high reactivity of these materials toward one another.
The study of this system would require effective separation
of the reactants, which was not the immediate objective of

these tests.

Instead, it was proposed to use an electrolyte capable of
furnishing hydrogen ions in which calcium or lithium is some-
what stable. 1In this situation, a soluble cathode depolarizer
capable of furnishing hydrogen ions could function as a hydrogen
evolution cathode at an inert electrode with a low hydrogen
overpotential. Since the purpose of the experiments was to
demonstrate operability, the depolarizer was not required to

be of low equivalent weight.

The first material selected for this purpose was morpholinium
hexafluorophosphate. 1In previous anode half-cell screening

tests in which solutions of this substance were employed as

the electrolyte, it had been observed that gas evolution occurred
at the cathode as the cathode polarized. The assumption that
this gas was hydrogen was based on the fact that the cathode
voltage was about -1.0 versus a silver-silver chloride reference,
which could permit the hydrogen evolution reaction to proceed.
Morpholinium hexafluorophosphate satisfied the additional re-
quirement of high solubility in nonaqueous solvents, forming
highly conductive solutions. Although solutions of the substance
are somewhat reactive toward calcium and lithium, the rate of

reaction is not prohibitive for these experiments.



The first cells constructed which employed this material as

a soluble cathode depolarizer were essentially of the reserve
activated type, i.e., the anode and an inert conducting elec-
trode (connected through the external circuit) were positioned
in the same container. The cell was then activated by addition
of a solution of the cathode depolarizer-electrolyte and dis-
charge was carried out until virtually all of the anode had
been consumed. The anode material employed in the first cells
of this type was calcium; acetonitrile was used as the solvent
for the morpholinium hexafluorophosphate. Silver foil and
carbon were employed initially as the inert electrodes. Sub-
sequently, materials were utilized which favor the hydrogen
evolution reaction, i.e., conductors were chosen for which the
hydrogen overpotential is small. These included platinized

platinum, platinized carbon and sintered nickel.

In some of the experiments, additional sources of hydrogen

ions were added to the morpholinium hexafluorophosphate solution
to determine what effect they would have on the cell perfor-
mance, i.e., small quantities of water or aqueous sulfuric acid

were added to the cathode solution.

Upon completion of the study of several small, reserve activated
cells of the type described above, the construction of larger,
more elaborate cells was undertaken. 1In these cells, the anode
and cathode solutions were situated in two different compart-
ments, separated from one another by a thin, permeable carbon
wall. In the anode compartment, an electrolyte was used that
did not cause self-discharge of the anode. The use of porous
carbon to separate the anolyte and catheclyte limited the rate
of interdiffusion of the two solutions, and thereby reduced the
rate of attack of the anode by the soluble cathode material.
The carbon divider was also utilized as the inert electrode for

the cathode.
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Lithium and calcium anodes were used in these cells and the
substances employed as cathode depolarizers included nonaqueous
solutions of morpholinium hexafluorophosphate and aqueous
solutions of sulfuric acid. In addition, two cells were tested
that employed solutions of cuprous chloride and cupric chloride

as the cathode depolarizers.

b. Results.

1) Preparation of Porous Cathodes by Sublimation. Upon com-

pletion of a preliminary experimental study, phenol was
selected as a possible substance to be sublimed from dry-
pressed cathodes for the purpose of increasing porosity.
Subsequent experiments indicated that approximately 92% of
the phenol initially present¥* in cupric fluoride pellets
could be removed by sublimation in a vessel in which the
pressure was reduced to 0.5-1 mm of mercury. This degree
of removal was effected by maintaining the temperature of
the water bath surrounding the vessel at approximately
26°C for seventeen hours. The decrease in weight of the
pellets after this interval was assumed to represent the
weight of phenol which had been sublimed. Microscopic
examination of the pellets revealed the presence of de-~
pressions or void spots which had not been observed prior
to sublimation. Extended treatment of the pellets at
reduced pressure beyond the initial seventeen hour period
did not result in further significant weight losses even
at temperatures of 40°C. However, when the method was
applied to cobalt trifluoride pellets, virtually 100%

removal of phenol was effected.

* Initial composition of cupric fluoride pellets: 80% CuFn, 16% phenol
and 4% Solka-Floc binder.

~-11-



The results of this work indicated that the method could

be useful for controlling the porosity of electrodes.
Although no visible evidence of reaction was observed upon
combining phenol with cupric fluoride or cobalt trifluoride,
it was realized that the possibility of interactions of
these materials should be considered in the further evalua-

tion of the method.

Porous cupric fluoride cathodes prepared by subliming phenol
were subsequently treated with hydrogen gas to effect partial
reduction of the active material for the purpose of providing
a conductive substrate. The evaluation of these electrodes
is presented below, where the further application of the

partial reduction technique is discussed.

Cupric Fluoride and Cobalt Trifluoride Cathodes Treated with

Hydrogen Gas. Preliminary investigation of this technique

during the third quarter indicated that partial reduction
of cupric fluoride pellets with a current of hydrogen gas
could best be controlled if the gas were maintained at a
temperature of ca. 130°C. Partial reduction to metallic
copper was confirmed qualitatively by X-ray diffraction
analysis. Attempts to fabricate cupric fluoride cathodes
with improved electrochemical characteristics by this tech-
nique, however, were unsuccessful. Polarization was exten-
sive even at current densities of 1 ma/c.m2 for each of
several electrodes prepared by this method. The electro-
chemical characteristics did not differ significantly for

any of the electrodes, with the exception that the initial

open circuit voltages differed in some cases.

The polarization data for two cupric fluoride cathodes of
this kind are presented in Table III, section A, page IV-L2.
These results are typical of all those obtained for cupric

fluoride cathodes in this particular series of experiments.

-12-



3)

The partial reduction technique was also applied in the
fabrication of cobalt trifluoride cathodes. 1Initial
attempts to partially reduce this material with hydrogen
were unsuccessful, as confirmed by X-ray diffraction
analysis. Prior to obtaining this information, however,
three cobalt trifluoride cathodes were tested for elec-
trochemical capability. The data for these electrodes

are presented in Table III, section B, page IV-43. The
electrochemical characteristics were poor, being comparable

to those of the cupric fluoride electrodes.

Electrochemical Screening of Lead Dioxide and Manganese

Dioxide Cathodes. The results for electrodes of PbO, and

MnO, are listed in Table III, sections C and D, respectively,
pages IV-44 and IV-45. The electrochemical characteristics
of these electrodes were quite reproducible in two trials

and were superior to those of cupric fluoride and cobalt
trifluoride. Performance, however, was not satisfactory

for a high energy density battery, since the degree of
polarization became quite high at a current density of

5 ma/cmg. Coloration of the electrolytes and solid product

formation were also observed in these tests.

The electrolytes which have been used in the preliminary
electrochemical evaluation of CuFy, CoFz, PbOs and MnOp
cathodes were chosen as being representative of some of

the better electrolytes which were developed in the earlier

phases of the program (conductance studies and anode screening).
Although the nature of the electrolyte is highly important

in determining electrode performance, this effect cannot be

adequately evaluated until methods of cathode fabrication

-13-




are developed which permit effective utilization of a given
active cathode material. Reproducibility of electrode per-
formance in a given electrolyte must also be achieved before
comparisons can be made with other electrolytes. Because
these requirements have not been satisfied by most of the
cathodes tested to date, electrochemical studies have been
confined to electrolytes utilizing two representative
solutes: MgCl, and N-phenyl N,N,N-trimethylammonium hexa-
fluorophosphate.

Electrochemical Studies of the Feasibility of Utilizing

Dissolved Active Cathode Materials. Nineteen cells which

employed soluble cathode depolarizers were constructed and
discharged in this period. The details of construction and
the discharge data are presented in Table IV, pages IV-46

through IV-T75, wherein each cell is designated by the anode

and active cathode material.

The first cells were of the reserve activated type described
in the section on experimental approaches. These were small

2 area) and were com-

cells (anodes and cathodes of ca. 1 cm
prised of calcium anodes and morpholinium hexafluorophosphate
cathode-electrolytes. The cells which performed best among
these exhibited voltages of ca. 1.4 volts while delivering
currents of approximately 15 milliamperes. At somewhat
higher currents (20-25 ma), voltages as high as 1.25 volts
were observed. At still higher currents (40-60 ma), the

corresponding voltages were about 0.5 volts in the better

cells.
Cells utilizing inert cathode current collectors of platinized

platinum, platinized carbon or sintered nickel performed

better than those which used pure carbon, as was expected. In
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general, the performance of cells which used platinized
inert electrodes was better than those employing sintered

nickel.

Other small cells were also assembled with calcium anodes
and morpholinium hexafluorophosphate cathode solutions,
but differed from the previous cells in that water or
aqueous sulfuric acid was added to the cathode depolarizer
solution. Addition of these materials enhanced the per-
formance of the cells, although they caused the calcium to

self-discharge at a greater rate.

One small cell (1 cm®, anode) of the reserve activated

type with lithium as the anode and morpholinium hexafluoro-
phosphate solution as the cathode exhibited voltages of
1.70 to 1.00 volts while delivering a current varying

between 17 and 10 milliamperes.

The remaining cells were all of the second general type
described in the section on experimental approaches, i.e.,
the anode and cathode compartments were separated from one
another by a platinized porous carbon divider. Several
variations of this basic design were employed, the details
of which are presented with the discharge data. 1In the
cells in which lithium was employed as the anode, the area
of the anode was much larger than had been utilized in the

initial cells.

Among these, the best performances were attained when lithium
was utilized as the anode and aqueous sulfuric acid, cuprous
chloride or cupric chloride solutions as the cathode. In
some cases, cell voltages in excess of two volts were

maintained over discharge periods of several hours at a

-15-



discharge rate of ca. 70 milliamperes. In other cases,
discharges were carried out at much higher rates (200-

500 milliamperes) for periods of up to one hour. Voltages
varying between 2.0 and 1.0 were observed under these con-
ditions in the better cells. 1In still other cases,
voltages varying between 2.95 and 2.50 were observed at

lower discharge rates (25-50 milliamperes).

The effects of variation in cell design on performance

are too numerous to mention here and, indeed, since deter-
mining the feasibility of this type of operation was the
major purpose of these experiments, an analysis of these

effects is not appropriate at this time.

In view of the fact that cells of this kind were operable
and capable of delivering substantial currents, it was con-
cluded that further consideration might be given to this
approach, provided that some means of separating a soluble
cathode depolarizer from an anode without affecting cell

performance is possible.

5. Determination of the Chemical Stability of Electrode Materials in

Electrolyte Solutions.

a.

Approach. The procedure adopted for stability determinations

at room temperature was described in the Third Quarterly Report.
Normally, if an electrode-electrolyte system exhibits reactivity
during an initial twenty-four hour exposure period, no further
study of stability is made. In the past quarter, however, some
of the anode systems tested for two week periods had exhibited
instability in previous twenty-four hour tests. Longer observa-
tions were desired because the systems exhibited high electro-
chemical capability in half-cell screening tests and because it
was observed that reaction ceased after an initial exposure

period.
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Twenty-four hour tests were carried out with CuFp, CoFg,
MnO- cathode materials, and copper metal in several electro-

lytes which had not been tested previously.

b. Results. The data for two week stability tests involving
calcium, lithium or magnesium anodes in sixteen electrolytes
are listed in Table V, pages Iv-65 through IV-85. 1In the case
of the systems which had exhibited some reactivity in previous
twenty-four hour tests, decomposition of the anode materials
was appreciable. However, since other tests have indicated
that reaction ceases in systems of this kind after an initial
exposure period (cf. half-cell screening experiments, Table II),
it is evident that the stability test procedure should be
modified. In the future, systems of this kind will be pretreated
with the given anode material until reaction ceases, and after
this time, the resultant solution (filtered) will be tested for

stability with a fresh strip of the anode material.
The data for cathode stability tests of twenty-four hours
duration involving CuFp, CoF3, MnOs and copper metal in several

electrolytes are given in Table VI, pages IV-86 through IV-93.

Determination of the Specific Conductance of Electrolyte Solutions.

Since the inception of the electrochemical screening program for
anode-electrolyte systems, several electrolytes have been utilized
for which the conductance values had not been determined previously.
These electrolytes were chosen because of their similarity to some
of the other electrolytes which have been employed. The conductance
values were determined as a matter of routine at the time of the
electrochemical screening tests and have been combined in Table VII,
pages IV-94 and IV-95, for presentation at this time. Values varied
from 4.20 x 1072 to 4.52 x 1073 ohm™! em™t.



T. Purification of Solvents.

a.

Approach. The solvents utilized for electrolytes in the various
phases of the experimental program have been of the highest
purity commercially available (cf. Third Quarterly Report for
names of suppliers and suppliers' specifications of purity).
Controls for checking the consistency of the purity of solvents
as received from the suppliers have been effected by regularly
measuring the conductivity of the solvents and of the electro-
lytes prepared from them. In the course of making these control
measurements in the various phases of the experimental work, i.e.,
electrochemical half-cell screening, chemical stability deter-
minations and conductance studies, a high degree of reproduci-
bility of electrolyte conductivity has been observed. Thus,

for example, repeated determinations of the conductivity of 1
molal morpholinium hexafluorophosphate-dimethylformamide
solutions used in various studies during the past several months

have yielded the following values:

Specific Conductance (ohm™1! cm~1)
2.57T x 1072
2.68 x 1072
2.68 x 1072
2.89 x 1072
2.66 x 1072

A comparable degree of reproducibility has generally been
observed for the other electrolytes studied in the program.
These results attest to the reliability of the quality of the
solvents and solutes utilized. Conductance values determined
for pure solvents (no solute) have agreed with literature values
within an order of magnitude. Since literature values reported
by various investigators differed among themselves by as much

as an order of magnitude for the same solvents (high purity), a

much closer agreement would not generally be expected.
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The conductance of solvents being used is typically in the
range 107€ - 1077 ohm~! em™?, while the corresponding elec-
trolyte conductances are of the order of 1072 ohm™%' cm™?.

It is apparent that solvent conductivity variations of an
order of magnitude will contribute negligibly to electrolyte
conductance in their systems, except in possible cases where
a solvent impurity could have a synergistic effect on elec-

trolyte conductance.

In accord with Technical Direction No. 1, work has been under-
taken to determine whether or not the presence of residual
(trace) impurities, such as water, in the solvents can influence
the electrochemical and chemical behavior of electrodes to a
significant degree. An additional objective of this work is

to provide a more extensive characterization of solvent purity.

Initial purification will be accomplished by distillation. A
vacuum distillation apparatus has been set up for this purpose
(see Figure 3, page IV-96). The distillation apparatus includes
a 1000 ml distilling flask and a vacuum-jacketed column which is
strip-silvered (supplied by the Scientific Glass Co.). This
column has an internal diameter of 2.5 cm. and is packed with

a 90 cm. bed of glass helices 1/8" in diameter. Distillations
were carried out at a 1:1 reflux ratio. This ratio was main-
tained by means of a swinging funnel fitted with a soft iron
core mounted in this distillation head. An electromagnet regu-
lated by a GE type TSA-14 timing device moves this funnel into
position for either total reflux or collection. The timer cycle
of 20 seconds is divided into the desired ratio of total reflux
to collection, in this case, 1:1. Variations up to a ratio of
1:100 with 1% accuracy are possible by appropriate setting of
the timer. Distillate was collected in a flask designed to

allow transfer to the argon atmosphere dry box without exposure

-19-



to the atmosphere or interruption of the distillation process.
Vacuum is maintained with a No. 1400B Welch Duoseal pump capable
of achieving a pressure of 1 micron. Vapor pressure is measured

by a closed-end manometer mounted on the distillation flask.

Vapor pressure in the system during distillation was dependent
upon the solvent being distilled and was kept as low as proper
reflux conditions would permit. In each case, 700 ml were dis-
tilled; the first and last 100 ml fractions were discarded. The
solvents were characterized by recording the refractive index
and specific conductivity of each of the collected fractions.
Specific conductivities were measured in a dry argon atmosphere
and all fractions were stored in an argon atmosphere between
tests. Refractive indices and specific conductivities will be

measured one, two, four, twelve and twenty-four weeks after

distillation.

Anode screening tests in electrolytes made from N,N-dimethyl-
formamide distilled at a reflux ratio of 1:1 were carried out
in two cases to permit comparison with earlier tests in which

the solvent had not been distilled.

Results. 1In order to determine the fractionating capabilities

of the distillation apparatus, a known mixture consisting of
250 ml of water and 250 ml of acetone was distilled at T43 mm.
Hg using a l:1 reflux ratio. The distillate was collected in
50 ml fractions. The refractive indices obtained for the first
five fractions matched that of pure acetone. After 250 ml had
been collected, the next 50 ml fraction was found to have a re-
fractive index of 1.333 at 20°C. Since this is the refractive

index of pure water, a clean separation had been obtained.
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Prior to setting up the fractionating column, a 475 ml sample

of N,N-dimethylformamide (DMF) was distilled at a pressure of

2 mm. Hg using a 1:1 reflux ratio. The temperature of the

vapor was approximately 26°C throughout the distillation. The
first 100 ml were discarded and the next 125 ml fraction was
transferred in vacuo to an argon atmosphere dry box. The
specific conductivity of this fraction was 6.92 x 1077 ohm™ * cm™?
(2700) as compared to an average value of 2.64 x 107® ohm™ 1 cm™?

(27°C) for the undistilled solvent.

A 1 molal solution of N-phenyl-N,N,N-trimethylammonium hexa-
fluorophosphate in the distilled DMF did not differ in con-
ductivity from a similar solution prepared with the undistilled
solvent. When the above solutions were used in anode screening
tests, only minor differences in behavior were noted (Table VIII,

page IV-97 and IV-98).

Using the fractionating column, a second sample of DMF was
distilled from calcium hydride. The refractive indices and
specific conductivities were determined for the second through
sixth 100 ml fractions; the specific conductivities were measured
in an argon atmosphere. These samples were stored in an argon
atmosphere and the measurements repeated after one week had
elapsed (Table IX, page IV-99). It is evident that the re-
fractive indices for the various fractions were fairly con-
sistent while the 'specific conductivities showed greater varia-
tion. This variation in conductivity can be attributed, at least
in part, to the fact that the measurements are being made at

the lower operating limit of the conductivity equipment.

A sample of acetonitrile was distilled in the same manner as

the second DMF sample. The results for refractive indices and
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conductivities are given in Table IX, page IV-99. Because of
the large fluctuations in vapor pressure during the distilla-

tion, the test will be repeated with a new sample.

The data thus far indicate that vacuum distillation has only a
small effect on the solvents thus purified. Refractive indices
differ only slightly, if at all, from the values before distil-
lation. Conductivity decreases initially but it begins to
increase again with time. Tentatively, it seems that distilla-
tion yields a pure material and changes upon standing should

indicate the stability of the purified solvent.
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ITI. CURRENT PROBLEMS

The major problem continues to be that of developing a cathode with

suitable characteristics for a high energy density battery.
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III. WORK TO BE PERFORMED IN THE NEXT QUARTER

As a result of the extension and expansion of the present contract, work
will be carried out at a higher level of activity and will include the

following areas in the next quarter.

1. Anodes.
Linearly varying potential and coulombic efficiency studies will
be made of stable anode-electrolyte systems capable of sustaining

100 ma/cm2 discharges.

2. Cathodes.
Emphasis will be placed on developing cathodes from high energy
density compounds which are non-stoichiometric. Cathodes fabri-
cated from such materials will be evaluated electrochemically
and the study to select other materials of this kind will be

continued.

Possible means of separating soluble cathode depolarizers from

anodes without detracting from cell performance will also be in-
vestigated. Presently, two possibilities are being considered.

The first of these involves the use of selective ion exhange mem-
branes which could effect the desired separation while permitting
passage of an electrolyte species to perform the electrolytic
conductance function. The second possibility involves the use of

of a conductive porous container for a liquid cathode depolarizer,
which would be designed in a manner such that the cathode depolarizer
would diffuse out of the container at the same rate that it was con-

sumed in an electrochemical reaction occurring at the outer surface.

In addition, electrochemical evaluations will be made of cupric

fluoride paste electrodes fabricated by a filter press technique.
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Electrolytes.

Purification of solvents by vacuum distillation will be continued.
Characterization will be effected by refractive index and con-

ductivity measurements.

A detailed study of the properties of electrolytes which contribute

to good electrode performance will be initiated. Of specific interest
are electrolytes made from solutes such as morpholinium hexafluoro-
phosphate, in which anodes of lithium and calcium have exhibited
superior electrochemical characteristics. This work will include

the study of electrolyte properties in general, and in this respect,
will be a continuation of the work carried out in an earlier phase

of the program.

Stability of Electrode Materials in Electrolyte Solutions.

Stability tests will be carried out with calcium, lithium, and

magnesium in electrolytes which have not been tested previously.

Construction of Batteries.

Several experimental cells will be constructed and tested for electro-
chemical capability.. The choice of electrode combinations and
electrolytes will be made from systems exhibiting promising charac-

teristics in half-cell screening tests.

Compatibility of Battery Components.

Tests will be initiated to determine the compatibility of various

battery separator, case and lead components with electrolytes.
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TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES

Page
I. Anode-Electrolyte Systems Capable of Sustaining 100 ma/cm2
A. Calcium Anode Systems. Iv-6
Solvent Solute
1. Acetonitrile (AN) Tetra-n-propylammonium hexafluoro-
phosphate - (n-CsH,)4NPFg
2. AN Ammonium hexafluorophosphate -
NH,PFg
B. Lithium Anode Systems. Iv-7
1. Dimethylformamide (DMF) Di-n~butylammonium hexafluoro-
arsenate - (n-CuHg)oNHoASFg
2. DMF Tri-n-propylammonium hexafluoro-
arsenate - (n-CoH,)3NHASFg
3. DMF N-phenyl N,N,N-trimethylammonium
hexafluorophosphate -
(CeHs ) (CHg ) aNPFg
4. DMF Ammonium hexafluorophosphate
5. DMF KAsFg
C. Magnesium Anode Systems. iv-9
1. AN AlClg
II. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm?.
A. (Calcium Anode Systems. IV-10

1.

2.

AN

DMF
DMF
DMF
DMF
DMF

DMF
DMF

DMF

Tetramethylammonium hexafluoro-
phosphate - (CHsz)4NPFg

Tetramethylammonium hexafluoro-
phosphate

Morpholinium hexafluorophosphate -

/CHECHZ N

° NCHoCHz 4 NHzPY g

NaPFs

KASFG

KPFg

LiCl

N—(p-Dodecylbenzyl)N,N,N-trimethyl-
ammonium hexafluorophosphate -~
(P-C12HosCaHACHR ) (CHg ) sNPFs

N-phenyl N,N,N-trimethylammonium
hexafluorophosphate

Each system is classified under the current density at which the anode exhibited
less than 50% polarization of the initial open circuit potential.

Iv-1




TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued)

Page

II. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm®. (Continued)

A. Calcium Anode Systems (Continued)

IV-10

10.

11,
12,
13,

1L,
15.

16,
17.

Ethylene Carbonate -

Propylene Carbonate -

80 WT % EC - 20 WT
80 WT % EC - 20 WT
80 WT % EC - 20 WT
80 WT % EC - 20 WT

%
%
%
%

PC
PC
PC
PC

80 WT % EC- 20 WT % PC

N-Nitrosodimethylamine -

NDA
NDA

B. Lithium

(NDA)

Anode Systems

AlClg

KPFg

Morpholinium hexafluorophosphate

N-phenyl N,N,N-trimethylammonium
hexafluorophosphate

Tetramethylammonium hexafluoro-
phosphate

N-phenyl N,N,N-trimethylammonium
hexafluorophosphate

KPFg

Tetramethylammonium hexafluoro-
phosphate

IV-15

1.

n

N U W

A

C. Magnesium Anode Systems

DMF
DMF

DMF
bMF

. DMF

80 WT % EC- 20 WT % PC

80 WT % EC - 20 WT % PC

80 WT % EC - 20 WT % PC

80 WT % EC - 20 WT % PC

Tetra-n-propylammonium hexafluoro-
arsenate - (n-CgH- ) NAsFg
Tetra-n-propylammonium hexafluoro-
antimonate - (n-CgH-)4NSbFg
NaBF4 .

NaPFg

Tetramethylammonium hexafluoro-
phosphate

Di-n-butylammonium hexafluoro-
arsenate

N-phenyl N,N,N-trimethylammonium
hexafluorophosphate

Tetramethylammonium hexafluoro-
phosphate

Tri-n-propylamlonium hexafluoro-
arsenate

IV-18

AN
AN

AN
AN
AN

Ammonium hexafluorophesphate

N-Phenyl N,N,N-trimethylammonium
hexafluorophosphate

Morpholinium hexafluorophosphate

KPFg

Tetramethylammonium hexafluoro-
phosphate

Each system is classified under the current density at which the anode exhibited
less than 50% polarization of the initial open circuit potential.
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TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued)

Page
II. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm®. (Continued)
C. Magnesium Anode Systems (Continued) Iv-18
6. AN Tetra-n-propylammonium hexafluoro-
phosphate
T. DMF KPFg
8. DMF LiCl
9. DMF N-(p-Dodecylbenzyl )N,N,N-trimethyl-
ammonium hexafluorophosphate
10. DMF Tetramethylammonium hexafluoro-
phosphate
11. DMF Morpholinium hexafluorophosphate
12. DMF Tetra-n-propylammonium hexafluoro-
_ arsenate
13. 80 WT % EC- 20 WT % PC AlClg
14, NDA MgCls
15. NDA N-phenyl N,N,N-trimethylammonium
hexafluorophosphate
D. Lithium-Magnesium Alloy Anode Systems Iv-22
1. NDA Morpholinium hexafluorophosphate
III. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cm2.
A, Calcium Anode Systems. 1V-2%
1. DMF Di-n-butylammonium hexafluoroarsenate
2. DMF Tri-n-propylammonium hexafluoro-
arsenate
3. 80 WT % EC - 20 WT % PC LiCl
4, 80 WT % EC - 20 WT % PC Di-n-butylammonium hexafluoroarsenate
5. 80 WT % EC - 20 WT % PC Tri-n-propylammonium hexafluoro-
arsenate
6. NDA LiCl
7. NDA N-(p-Dodecylbenzyl) N,N,N-trimethyl-
ammonium hexafluorophosphate
B, Lithium Anode Systems IV-25
1. 80 WT % EC - 20 WT % PC Licl
2. NDA LiCl
C. Magnesium Anode Systems 1V-26
l. AN Di-n-butylammonium hexafluoro-
arsenate

Each system is classified under the current density at which the anode exhibited

less than 50% polarization of the initial open circuit potential,
1v-3



TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued)

Page
| III. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cm®. (Continued)
C. Magnesium Anode Systems (Continued) IV-26
2. AN Tetra-n-propylammonium hexafluoro-
arsenate
5 . DMF NaPFs
L. 80 WT % EC - 20 WT % PC LiCl
5. 80 WL % EC - 20 WT % PC Di-n-butylammonium hexafluoroar-
senate
6. 80 WI % EC - 20 WT % PC N-phenyl N,N,N-trimethylammonium
hexafluorophosphate
7. 80 WI % EC - 20 WT % PC Tri-n-propylammonium hexafluoroarsenate
8. 80 WI % EC - 20 WT % PC KPFg
9. NDA LiCl
IV. Anode-Electrolyte Systems Capable of Sustaining 0.1 ma/cmz.
A. Calcium Anode Systems IV-29
1. DMF Tetra-n-propylammonium hexafluoro-
arsenate
2. NDA Di-n-butylammonium hexafluoro-
arsenate
3. NDA Tri-n-propylammonium hexafluoro-
arsenate
B. Magnesium Anode Systems TV-320
l. DMF N-phenyl N,N,N-trimethylammonium
hexafluorophosphate
2. DMF KAs F6
3. 80 WI % EC - 20 WT % PC Morpholinium hexafluorophosphate
4., NDA N-(p-Dodecylbenzyl) N,N,N-trimethyl-
l ammonium hexafluorophosphate
' 5. NDA Tetramethylammonium hexafluoro-
‘ phosphate
‘ C. Lithium-Magnesium Alloy Anode Systems IV-32
1. NDA Morpholinium hexafluorophosphate
V. Anode-Electrolyte Systems Which Cannot Sustain 0.1 ma/cm®.
A. Magnesium Anode Systems IV-33%
1. DMF Di-n-butylammonium hexafluoroar-
senate
2. DMF Tri-n-propylammonium hexafluoro-
arsenate

Each system is classified under the current density at which the anode exhibited
less than 50% polarization of the initial open circuit potential.
Iv-h4



TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued)

Page
V. Anode-Electrolyte Systems Which Cannot Sustain 0.1 ma/cm®, (Continued)
A. Magnesium Anode Systems (Continued) IV-33%
3. 80 WT % EC - 20 WT % PC Tetramethylammonium hexafluoro-
phosphate
L. NDA Di-n-butylammonium hexafluoro-
arsenate
5. NDA Tri-n-propylammonium hexafluoro-
arsenate
6. NDA Tetra-n-propylammonium hexafluoro-
phosphate
T. NDA KPFg
8. NDA Morpholinium hexafluorophosphate

Each system is classified under the current density at which the anode exhibited
less than 50% polarization of the initial open circuit potential.
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I. Anode-Electrolyte Systems Capable of Sustaining 100 ma/cma.

Page
A. Calcium Anode SYStemMS......eviveerenneenanansnn 1V-6
B. Lithium Anode SysStemS......eivereancrnscccsenns IV-7
C. Magnesium Anode SyStemS......vcteveeencansnanss IV-9

Each system is classified under the current density at which
the anode exhibited less than 50% polarization of the initial
open circuit potential.
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II. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm®.

Page
A, Calcium Anode Systems............ Crte e Iv-10
B. Lithium Anode SyStemsS........veevveveeoeroneens 1v-15
C. Magnesium Anode SySEemS....vievverernernnonnss 1v-18
D. Lithium-Magnesium Alloy Anode System.......... Iv-22

Each system is classified under the current density at which
the anode exhibited less than 50% polarization of the initial
open circuit potential.
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ITI. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cmz.

Page
A, Calcium Anode Systems...... e et IV-23
B. Lithium Anode Systems........oeeveeeeene ees IV-25
C. Magnesium Anode SYStemS.......oevveunennnsns 1V-26

Each system is classified under the current density at which
the anode exhibited less than 50% polarization of the initial
open circuit potential.
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IV. Anode-Electrolyte Systems Capable of Sustaining 0.1 ma/cmz.

Page
A, Calcium Anode SyStems........evvuevnreeeenneas IV-29
B. Magnesium Anode Systems........cvvuveerunnennn IV-30

(9}

Lithium-Magnesium Alloy Anode System.........IV-32

Each system is classified under the current density at which
the anode exhibited less than 50% polarization of the initial
open circuit potential.
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V. Anode-Electrolyte Systems Which Cannot Sustain 0.1 ma/cm2.

Page

A. Magnesium Anode Systems........uoverrrrneeennns IV-33

Each system is classified under the current density at which
the anode exhibited less than 50% polarization of the initial
open circuit potential.
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II.

TABLE II. ELECTROCHEMICAL HALF-CELL SCREENING OF
ANODES IN PRETREATED ELECTROLYTES

Page
Anode-Electrolyte Systems Capable of Sustaining 100 ma/cmz.
A. Lithium Anode Systems. IV-36
Solvent -Solute
1. Dimethylformamide (DMF) NH4PFg - Ammonium hexafluorophosphate
. . . »CHoCHs -
2. N-Nitrosodimethylamine O\CH CH /’NHzPFg - Morpholinium
(NDA) 2vta hexafluorophosphate
Anode-Electrolyte Systems Capable of Sustaining 10 ma/cmz.
A. Lithium Anode Systems. 1V-38
1. NDA (n-CgH7)sNHASFg - Tri-n-propylammonium

hexafluoroarsenate

Iv-35
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TABLE III. ELECTROCHEMICAL HALF-CELL SCREENING OF CATHODES

Cupric Fluoride Cathodes Prepared by Subliming Phenol
from Electrode Pellets, Followed by Partial Reduction
With HYdrogen Gas «.eeseesssesosronsscasassaaqonssnsssnsasenss IV-U2

Cobalt Trifluoride CathodesS ....ieeeereesacecensagecansss eee.. IV-U3

Lead Dioxide CathodeS «.eveeseevoneonennresnn et ieae e IV-lh

Manganese Dioxide Cathodes ...eeeeessysesecezoncesnngsanersoss LV-45
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS

Page
Calcium-Morpholinium Hexafluorophosphate ....eeececececscscse IV-4T

-

Calcium-Morpholinium Hexafluorophosphate «.eecvseeceeccsrees IV-48

Calcium-Morpholinium Hexafluorophosphate eeeeevececeseceees. IV-49

Calcium-Morpholinium Hexafluorophosphate e etereieienneanans 1v-50

Caicium-Morpholinium Hexafluorophosphate ..ceveceicecescceses IV=52

Calcium-Morpholinium Hexafluorophosphate ...cecceesceesccece IVH3

Calcium-Morpholinium Hexafluorophosphate «...c.ccecceeeee.a. IV-54

Calcium-Morpholinium Hexafluorophosphate + Water .....ece... IV-55

O W =N O M F W

Calcium-Morpholinium Hexafluordphosphate + Sulfuric Acid ... IV56

)
°

Calcium-Sulfuric Acid .ce.veerevsreressecessccaccaccncananss IVST

B

Calcium-Sulfuric Acid ccv.ieecveserrncesessencsssesossansesee IV-H8
12. Lithium-Morpholinium Hexafluorophosphate .....ccivcevvvene.. IV-59
13. Lithium-Sulfuric Acid ..oceivieiiiieiieiiaeiinninneieee.. IV-60
14. Lithium-Sulfuric Acid .eeeeeerienerioocnccnecessencnssonasss IV-62
15. Lithium-Sulfuric Acid ...civeiecereccoosscccncnccssansacoess IV=6l
16, Lithium-Sulfuric ACid «eeeesnesenresnencneeeeneneeneeasonens TV-66
17. Lithium-Sulfuric Acid ...vevererereroncsecncsoccncnccneseess IV-68
18. Lithium-Cuprous Chloride .....c.civevesescensencsanceenenaas IV-T1

19. Lithium-CupriE Chloride .....vieiivneincnansanssscnsnsnesses IV-T3

NOTE: 1In some cases the voltage of the anode versus the reference
electrode does not appear in the tables for all points of a
discharge. In these instances, the cells were being discharged
overnight and only the cell voltage was recorded.
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS

1. cCalcium-Morpholinium Hexafluorophosphate.

Anode - calcium; area, 1 cm®; weight, ca. 0.22 grams.

Cathode - electrode of silver foil; area, 17 cm®; weight, 0.63 grams.
Active cathode material, morpholinium hexafluorophosphate
(dissolved), 6 molal in acetonitrile; weight of solution,
28 grams.

Electrolyte - 6 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Weight of glass container - 31 grams.

Reference electrode - Ag/AgCl.

" Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
- 2.20 - 0 -2.20
0 1.10 100 11 -2.00
17 0.98 100 9.8 -1.97
38 1.01 100 10.1 -1.99
5k 1.07 100 10.7 -2.06
72 1.11 100 1.1 -2.11
80 1.12 100 11.2 -2.11
81 1.90 - 0 -2.25
85 2.20 - 0 -2.28
86 1.12 100 11.2 -2.09
91 1.05 100 10.5 -2.09
92 1.90 -—- 0 -2.25
93 0.95 50 19 -2.00
94 0.90 50 18 -2.00
107 : 0.8 50 16.4 -2.03
133 1.77 —— 0 -2.28
134 0.53 10 53 -1.82
160 0.50 10 50 -1.80
180 0.13 2 65 -1.58
276 0.82 50 16.4 -2.02
350 0.73 50 4.6 -1.90
428 0.62 50 12.4 _——-
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

2. Calcium-Morpholinium Hexafluorophosphate.

Anode - calcium; area, 1 cm®; weight, ca. 0.25 grams.

Cathode - electrode of platinized platinum; area, 1 cm®; weight, 1.12 grams.
Active cathode material, morpholinium hexafluorophosphate
(dissolved), 6 molal in acetonitrile; weight of solution,

25.1 grams.

Electrolyte - 6 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Weight of glass container - 30.8 grams.

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0] 2.50 --- 0 -1.85
1.5 1.15 100 11.5 -1.65
2.1 1.05 100 10.5 -1.75
3 1.10 100 11.0 =1.77
18 1.20 100 12.0 -1.92
37.5 1.19 100 11.9 -1.94
53 1.20 100 12.0 -1.96
555 1.73 --- 0] -2.10
ST : 1.05 50 21.0 -1.88
4.5 1.0k 50 20.8 -1.87
88.7 1.02 50 20.k4 -1.87
93.5 1.70 -—- 0 -2.15
Ok 0.60 10 60 -1.63
95.2 0.60 10 60 -1.70
108 0.18 2 90 -1.55
137 0.10 1 100 -1.50
238 0.0k 1 4o -1.00
239 1.45 --= 0 -2.1k4
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TABLE IV . DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

3. Calcium-Morpholinium Hexafluorophosphate.

Anode - calcium; area, 1 cm®; weight, ca. 0.24 grams.

Cathode - electrode of carbon; area, 4.8 cm®; weight, 1.31 grams.
Active cathode material, morpholinium hexafluorophosphate
(dissolved), 6 molal in acetonitrile; weight of solution,
26.2 grams.

Electrolyte - 6 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0] 2.20 --- 0 -1.85
0.6 0.40 100 k.0 -1.80
L.6 0.k2 100 h.2 -1.84
23.4 0.16 10 16.0 -1.70
35.7 0.24 10 2k.0 -1.80
49.5 0.30 10 30.0 -1.85
54 0.31 10 31.0 -1.88
955 >0 10 >0 -0.98
970 1.38 -—- 0 -2.19
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

4., calcium-Morpholinium Hexafluorophosphate.

Anode - calciumj area, 1 em?®; weight, ca. 0.23 grams.

Cathode - electrode of sintered nickel; area, 1 cm®. Active cathode
material, morpholinium hexafluorophosphate (dissolved),
2.5 molal in acetonitrile.

Electrolyte - 2.5 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.

(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0 . 1.90 -—- 0 -2.10
0.3 0.88 100 8.8 -1.79
1.3 0.84 100 8.4 -1.92
L1 0.82 100 8.2 -2.00
5.4 0.89 100 8.9 -2.08
8.2 0.90 100 9.0 -2.12
10.6 0.90 100 9.0 -2.12
17.6 0.90 100 9.0 -2.10
21.3 0.90 100 9.0 -2.10
33 0.91 100 9.1 -2.10
124 0.97 100 9.7 -2.18
156 1.00 100 10.0 -2.21
8 1.01 100 10.1 -2.22
218 1.00 100 10.0 -2.10
285 0.98 100 9.8 -2.05
340 0.94 100 9.k ———
Loo 0.9 100 9.4 -——
520 } 0.92 100 9.2 ———
640 0.88 100 8.8 —_——
T60 0.80 100 8.0 ———
820 0.70 100 7.0 ———
9ko 0.45 100 4.5 ———
1060 0.28 100 2.8 ———
1200 0.20 100 2.0 ———
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

k. cal¢cium-Morpholinium Hexafluorophosphate. (Continued)

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)

1320 0.12 100 1.2 ——

1380 0.11 100 1.1 ————

1381 1.95 _— 0 -2.50
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

5. Calcium-Morpholinium Hexafluorophosphate.
Anode - calcium; area, 1 cm®; weight, ca. 0.24 grams.
Cathode - electrode of sintered nickel; area, 1 cm®. Active cathode
material, morpholinium hexafluorophosphate (dissolved),
2.5 molal in acetonitrile, 22 ml.

Electrolyte - 2.5 molal morpholinium hexafluorphosphate in acetonitrile
(1.e. the cathode solution was utilized as the electrolyte).

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.

(Minutes) Cell Voltage (ohms ) (ma) Reference (Volts)

0 1.51 - 0 -1.72
1 0.49 50 9.8 -1.71
8 0.58 50 11.6 o =1.87
27 0.63 50 12.6 -1.91
65 0.69 50 3.8 -1.95
120 0.72 50 %4 S—

. 300 0.71 50 4.2 ———-
b2o 0.67 50 13.4 ——
540 0.64 - 50 12.8 cnea
600 - 0.62 50 12.4 ———
660 0.56 50 1.2 ———-
T20 0.42 : 50 8.4 ——
780 0.36 50 7.2 ———-
840 0.30 50 6.0 R
888 0.30 50 6.0 Cmem
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

6. Calcium-Morpholinium Hexafluorophosphate.

Anode - calcium; area, 0.5 cm®; weight, ca. 0.15 grams.

Cathode - electrode of sintered nickel; area, 1 cm®. Active cathode
material, morpholinium hexafluorophosphate (dissolved),

2.5 molal in acetonitrile; volume, 25 ml.

Electrolyte - 2.5 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)

0 1.70 ——— 0 -1.78
0.8 0.70 100 7.0 -1.65
9.2 0.70 100 7.0 -1.80
15.4 0.75 100 7.5 -1.89
48.4 0.82 100 8.2 -1.96
TT.5 0.90 100 9.0 -2.03
91.5 0.91 100 9.1 -2.0k4
124 0.92 100 9.2 -2.0k4
180 0.9 100 9.4 ———-
300 0.92 100 9.2 ——
420 0.88 100 8.8 ———
540 0.84 100 8.4 ——
660 0.80 100 8.0 ————
T60 0.78 100 7.8 —
T65 0.68 100 6.8 ——-
8k0 0.62 100 6.2 ——
960 0.56 100 5.6 ——
1044 0.30 100 3.0 ——-

Virtually all calcium consumed.
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

T. Calcium-Morpholinium Hexafluorophosphate.

Anode - calcium; area, 1 cm®; weight, ca. 0.23 grams.

Cathode - electrode of platinized carbon; area, 1 cm®. Active cathode
material, morpholinium hexafluorophosphate (dissolved), 6 molal
in acetonitrile.

Electrolyte - 6 molal morpholinium hexafluorophosphate in acetonitrile
(i.e. the cathode solution was utilized as the electrolyte).

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)

0 1.83 --- 0 -1.34
1.7 1.45 100 14.5 -1.82
7.2 1.31 100 13.1 -1.87
T.4 1.81 -—- 0 -2.14
T.7 1.25 50 25.0 -1.75
11.7 1.09 50 21.8 -1.74
13.7 1.09 50 21.8 -1.76
13.9 1.75 —e- 0 -2.1k
k4 0.55 10 55.0 -1.43
15 0.33 10 33,0 -1.09
16.7 0.45 10 45,0 -1.31
19.7 0.50 10 50.0 -1.38
20.1 1.80 - 0 -2.22
20.3 1.45 100 14.5 -2.00
20.8 1.40 100 4.0 -2.00
25.8 1.37 100 13.7 -1.98
36 1.27 100 12.7 -1.94
65 1.20 100 12.0 -—--
305 0.80 100 8.0 ———-
545 0.70 100 7.0 ——-
665 0.60 100 6.0 -———
965 0.40 100 4.0 ————
973 2.20 -— 0 -2.19
975 0.20 100 2.0 ————
1025 0.20 100 2.0 ————
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

8. Calcium-Morpholinium Hexafluorophosphate + Water.

Anode - calcium; area, 3.8 cm®; weight, 0.87 grams.

Cathode - electrode of platinized platinum; area, 1 cm®; weight, 1.02 grams.
Active cathode material, morpholinium hexafluorophosphate (dissolved),
6 molal in acetonitrile plus 2.5 ml. of water.

Electrolyte - 6 molal morpholinium hexafluorophosphate in acetonitrile plus
2.5 ml. of water (i.e. the cathode solution was utilized as
the electrolyte).

Time Resistance Current
(Minutes) Cell Voltage (Ohms ) (ma)
0 2.70 -—- 0
0.2 1.58 100 15.8
1.6 1.53 100 15.3
6.9 1.40 100 4.0
1.7 1.31 100 13.1
19.7 1.13 100 11.3
28 0.26 100 2.6
28.5 ———— 100 -———-
29.6 1.48 -—- 0
30 0.45 200 2.2
38 Silver wire reference electrode inserted;
on open circuit, cathode vs. Ag = -2.10 volts,
. calcium vs. Ag = -2.40 volts.
41 l.k2 - 0

Vigorous gas evolution was observed when the
calcium electrode was placed in the electrolyte.
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

9. Calcium-Morpholinium Hexafluorophosphate + Sulfuric Acid.

Anode - calcium; area, 3.7 cm?®; weight, 0.83 grams.

Cathode - electrode of platinized platinum; area, 1 cm®; weight, 1.02 grams.
Active cathode material, morpholinium hexafluorophosphate
(dissolved), 6 molal in acetonitrile, plus 2.5 ml. of 4.4t molar
HoS04 .

Electrolyte - the cathode solution was utilized as the electrolyte.

Time ' Resistance Current
(Minutes) Cell Voltage (Ohms ) (ma)
0 2.80 -—- 0
0.3 1.90 100 19.0
1.7 1.73 100 17.3
7.1 1.38 100 13.8
12 1.16 100 11.6
20 0.95 100 9.5
28 0.81 100 8.1
28.7 ———— - 0
29.7 : 1.76 -—- 0
30.7 1.79 --- 0
31 1.18 200 5.9
50 0.9 200 .7
n 0.8 200 4.2
82 0.76 200 3.8
90 1.48 ——— 0
91 0.88 200 L.y
99 0.79 200 k.o
120 0.67 200 3.4

121 1.40 - 0
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TABLE 1v. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

10. Calcium-Sulfuric Acid.

Anode - calcium; area, 1 cm®; weight, ca. 0.24 grams.

Cathode - H5SO4 (ca. 4 molar) contained in a porous carbon vessel which
was platinized on the inside. This vessel also served as the
current collector.

Electrolyte - 2.5 molal morpholinium hexafluorophosphate-acetonitrile.

Cell structure - The anode and the carbon vessel were positioned in a
beaker containing the electrolyte.

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage _ (Ohms ) (ma) Reference (Volts)

2.20 -—- 0 -1.94
2.20 ——- 0] -2.07
1.49 100 14.9 -1.60
9.3 1.45 100 ik.5 -1.92
25 1.23 50 ok.6 -1.85
37.3 0.78 50 15.6 -1.72
58 0.76 50 15.2 -1.72
89 0.62 50 12.4 -1.65
143 0.57 50 11.4 -1.63
158 0.52 50 10.4 -1.60
180 0.43 50 8.6 -1.50
195 0.37 50 T4 -1.41
211 0.22 50 L L4 -1.20
222 0.18 50 3.6 -1.22
223 1.5k -~ 0 -2.22

All calcium was consumed.
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TABLE 1vV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

11. Calcium-Sulfuric Acid.

Anode - calcium; area, 1 cm?®; weight, ca. 0.24 grams.

Cathode - HpSO4 (ca. 4 molar) contained in a porous carbon vessel which
was platinized on the outside. This vessel also served as the
current collector.

Electrolyte - 2.5 molal morpholinium hexafluorophosphate-acetonitrile.

Cell structure - The anode and the carbon vessel were placed in a beaker
containing the electrolyte.

Reference electrode - Ag/AgCl.

Time Resistance Current Calcium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
o 2.47 -——- o -1.92
0.9 1.68 100 16.8 -1.67
2.1 1.65 100 16.5 -1.83
4.9 1.53 100 15.3 -1.80
16 1.54 100 15.4 -1.93
19.6 1.82 —— 0 -2.13
20 1.30 50 26.0 - -1.80
24 1.34 50 26.8 -1.90
28 1.k0 50 28.0 -1.95
32 1.84 -——- 0 -2.13
32.5. 0.80 10 80 -1.55
34 0.85 10 85 -1.67
4o 0.80 10 80 -1.68
40.8 1.78 -——= 0 -2,10
b1 0.29 2 145 -1.33
42 0.32 2 160 -1.40
59 0.30 2 150 -1.50
82 0.24 2 120 -1.55
9T 0.22 2 110 -1.48
98 0.18 2 90 -1.52
99 1.70 ——— 0 -2.20

Calcium virtually all consumed.

IV-58



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

12. Lithium-Morpholinium Hexafluorophosphate.

Anode - lithium; area, 1 cm®; weight, ca. 0.075 grams.

Cathode - electrode of sintered nickel; area, 1 cm®. Active cathode
material, morpholinium hexafluorophosphate (dissolved),
1 molal in EC-PC*, volume, 15 ml.

Electrolyte - the cathode solution was utilized as the electrolyte.

Reference electrode - Ag/AgCl.

Time Resisténce Current Lithium vs.

(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0 2.99 -— 0 -3.26
L 1.70 100 17.0 -2.95
1.38 100 13.8 -2.82
29 1.34 100 13.4 -2.78
38 1.34 100 13.4 -2.80
60 1.20 100 12.0 ————
120 1.10 100 11.0 ———-
180 1.00 100 10.0 _—
300 0.90 100 9.0 —
420 0.80 100 8.0 ———
660 0.70 100 7.0 ———-
900 0.60 100 6.0 ——
1050 0.70 100 7.0 ———
1200 0.70 100 7.0 ———
1201 1.85 -—— 0 -2.97

* 80% Ethylene Carbonate - 20% Propylene Carbonate.
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TABLE Iy. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

13. Lithium-Sulfuric Acid.

Cell structure - Holes were drilled in a porous carbon block to obtain the
configuration illustrated below:

(Top View)
o The large central hole was 1" in diameter and 3.5 cm. deep.
o Eight 1/8" diameter holes, 3.9 cm. deep were situated
o (o) symmetrically about the large hole at a distance of 0.1 cm
from the periphery. The surface of the holes was lightly
@) o platinized. The weight of this structure was 144 grams.

Anode - lithium rod; dimensions, 1/2" diameter, 3 cm. length. This was
positioned in the central hole which contained the electrolyte,
1 molal MgClo-N-nitrosodimethylamine.

Cathode - H5S04 (ca. 4 molar) was placed in each of the 1/8” diameter holes.
The carbon structure served as the current collector for the cathode.

Reference electrode - Ag/AgCl.

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0 3.32 - 0 -2.70
0.2 2.20 100 22.0 -1.98
1.6 2.07 100 20.7 -2.08
3.8 1.96 100 19.6 -2.10
6.5 1.85 LO0 18.5 -2.18
8.7 1.80 100 18.0 -2.23
11.5 1.74 100 17.4 -2.29
16 1.74 100 17.4 -2.33
21 1.68 100 16.8 -2.38
21.2 2.84 - 0 -2.80
21.7 2.90 --- 0 -2.80
22 1.40 50 28.0 -2.10
22.4 1.33 50 26.6 -2.18
24 1.28 50 25.6 -2.23
24 .6 2.80 -—- 0 -2.80
25 2.88 - 0 -2.80
25.5 0.5% 10 53.0 -1.58
25.8 0.50 10 50.0 -1.68
26.6 0.45 10 45.0 -1.67
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TABLE 1IV.

DISCHARGE OF CELLS UTILIZING DISSOLVED

ACTIVE CATHODE MATERIALS (Continued)
13. Lithium-Sulfuric Acid. (Continued)
Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)

30.4 0.34 10 34.0 -1.65
30.8 2.80 - 0 -2.78
32.5 3.08 -— 0 -2.80

33 2.68 500- 5.4 -2.68

35 2.62 500 5.3 -2.67

4o 2.58 500 5.2 -2.68
40.5 2.84 — 0 -2.80
41.5 3.10 —-— 0 -2.80

ko 2.40 250 9.6 -2.54
43,5 2.23 250 8.9 -2.58

50 2.47 250 9.9 -2.62

52 2.54 250 10.2 -2.63

67 2.40 250 9.6 -2.68
105 2.28 250 9.1 ——
165 2.12 250 8.5 ——
225 1.92 250 T.7 -—
285 1.72 250 6.9 ——
345 1.52 250 6.1 ———
Lo5 1.36 250 5.4 —
465 1.20 250 4.8 ———
525 1.04 250 4.2 ——
585 0.90 250 3.6 ———
650 0.50 250 2.0 ———-
651 0.20 250 0.8 abrupt drop in cell

voltage

770 0.14 250 .6 ——-

977 0.12 250 0.5 -1.60
979 2.20 ——— ———
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED

ACTIVE CATHODE MATERIALS (Continued)

14. vLithium-Sulfuric Acid.

Cell design - A porous carbon vessel containing 4.4 molar H,S04 as the

active cathode material was positioned in a polyethylene
container between two lithium electrodes which were immersed
in a morpholinium hexafluorophosphate-N-nitrosodimethylamine -
electrolyte. The carbon vessel served as the cathode

current collector.

Description of cell components -

A.

Carbon vessel: External Internal
length 5.64 em. 5.0 cm.
width 3.64 cm. 3.0 cm.
depth 3.52 cm. 3.2 cm.

i.e. the walls of the vessel were approximately 0.32 cm. in thickness.
Weight of vessel = 4k4.5 grams.

Polyethylene cell container:

length = 12.6 cm.
width = 7.6 cm.
depth = 4.5 cm.

Weight of container plus cover = 57 grams.

Anodes:

Lithium was cast in the form of oblong blocks around a length of nickel
screen 1 cm. in width. The dimensions of the blocks were:

length = 5 cm.
width 2.6 cm.
depth 2.6 em.

Two such blocks were employed in the cell. The weights of lithium in these
blocks were 19.5 and 20 grams.

]

The weight of each nickel screen was 1.5 grams.
4.4 molar HzSO4 - 45 ml; weight, 57 grams.
1 molal morpholinium hexafluorophosphate - 100 ml.

Total weight of cell = approximately 300 grams.
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TABLE IV.

DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

15. Lithium-Sulfuric Acid.

Cell components were the same as for No. 14, except for the following changes:

A. The sides of the carbon vessel were made thinner so that they were 0.15 cm.
thick. Weight of vessel = 34.2 grams.
B. (CgHs)(CHg)4NPFg-N-nitrosodimethylamine (1 molal) was used as the elec-
trolyte instead of morpholinium hexafluorophosphate-N-nitrosodimethylamine.
C. The lithium electrodes were the same ones that had been used in cell No. 1.
(Only a small fraction of the lithium capacity had been used.) Each lithium
electrode was scraped to remove reaction products. The weight of each
lithium electrode (including nickel screen) was approximately 22 grams,
D. Total weight of cell= 296 grams.
Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Ag/AgCl Reference (Volts)
0] 3.35 --- 0 -2.85
2.5 1.80 10 180 -2.80
5.9 1.30 5 260 ———
.7 1.25 5 250 ——-
7.5 1.20 5 240 ———
8.4 1.65 10 165 -2.83
12.4 1.60 10 160 —_——
18 1.57 10 157 -2.88
19 - 1.20 5 240 _——
19.3 1.15 5 230 —_——
- 1.50 10 150 -———-
22 1.85 20 92.2 -——
22.6 1.88 20 9.0 -2.90
25 1.90 20 95.0 -2.91
35 1.89 20 9.5 -2.91
50 1.85 20 92.5 -2.90
100 1.78 20 89.0 -2.88
127 1.55 20 75 -2.88
128 ——- - 0 -2.93
138 2.70 ——- 0 ——
139 2.00 20 100 -2.85
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

15. Lithium-Sulfuric Acid. (Continued)

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Ag/AgCl Reference (Volts)
140 2.20 4o 55.0 ———
145 2.23 4o 55.8 -2.87
157 2.25 Lo 56.3 -2.87
172 2.25 40 56.3 -2.85
187 2.27 Lo 56.7 -2.83
201 2.30 ko 57.5 -2.89
207 2.08 20 104 -2.86
219 2.04 20 102 -2.85
230 2.19 30 73.0 -2.84
240 2.10 30 70.0 ——
360 2.00 30 66.6 ———
480 1.90 30 63.2 ———-
600 1.80 30 60.0 ———-
720 1.80 30 60.0 ——-
8o _ 1.70 30 56.6 ———
1020 1.60 30 53.2 ——-
1080 1.60 30 53.2 ——
1100 -— 30 - -2.72
1125 1.60 30 53.2 ——-
1126 2.20 -—- 0 -2.78
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TABLE Iv. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERTALS (Continued)

16. Lithium-Sulfuric Acid.

Cell components were the same as for No. 15. The same lithium anodes were
used after scraping to remove products formed during the discharge of cell

No. 15.

The N-nitrosodimethylamine electrolyte and the sulfuric acid were replenished.
Hexane was poured over the NDA electrolyte (immiscible) to prevent evaporation.

Total weight of cell = 310 grams.

Time Resistance Current Lithium vs.

(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0 2.80 ——— 0 -2.82
1 2.30 30 76.9 -2.67
2.16 30 72.0 -2.68
22 2.12 30 70.7 -2.69
35 2.12 30 70.7 -2.70
53 2.13 30 71.0 -2.70
T2 2.13 30 71.0 -2.71
142 2.10 30 70.0 -2,73
165 2.06 30 68.8 -2.72
245 1.98 30 66.0 -2,70
295 1.94 30 ' 6.7 -2,70
307 1.03 5 206 -2.40
312 1.85 30 61.7 -2.63
352 1.88 30 62.7 -2.68
432 1.82 30 60.6 -2.65
Lh7 1.81 30 60.2 -2,65
459 1.81 30 60.2 2.63
480 1.79 30 59.6 -—
600 1.65 30 55.0 ———
T20 1.60 30 53.3 ——-
960 1.58 , 30 52.6 ————
1080 1.50 30 50.0 R
1320 1.40 30 46.5 e
ko 1.30 30 434 ' ———
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TABLE IV.

DISCHARGE OF CELLS UTILIZING DISSOLVED

ACTIVE CATHODE MATERIALS (Continued)
16. Lithium-Sulfuric Acid. (Continued)
Time Resistance Current Lithium vs.
(Minutes ) Cell Voltage (Ohms ) (ma) Reference (Volts)
1600 1.20 30 40.0 ——
1840 1.00 30 33.3 _——
2080 1.00 30 33.3 ——
2220 0.90 30 30.0 ———
2460 0.80 30 26.6 ———-
2940 0.80 30 26.6 c—-
3060 0.80 30 26.6 ——
3300 0.70 30 23.3 ——
3420 0.60 30 20.0 -——-
4380 0.60 30 20.0 ———
5100 0.50 30 16.6 ———
5760 0.50 30 16.6 ———
5761 2.35 - 0 -2.98

At this time, the discharge was interrupted.
white solid had formed on the lithium electrode.

by scraping and the discharge continued.

5768
5769
5TT0
5780
5793
5796
5801
5877
6168
6305
6665
6905
7115
135
7157

2.29

1.
1.
1.
.10
.10
.00
.90
L5
75
.70
.62
.60

o o O + o

0
0
0]

0.
.38

1

65
55
28

60

30
30
30
30

1
30
30
30
30
30
30
30
30
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55.
51.
Lo,
36.
100
33.
30.
25.
25.
23.
20.
20.
20.

N O N O

O O OVW O O O W

A large amount of
This was removed

-3.00
-2.90
-2.89
-2.60
-2.30
-1.81
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TABLEIV . DISCHARGE OF CELLS UTILIZING DISSOLVED

17.

ACTIVE CATHODE MATERIALS (Continued)

Lithium-Sulfuric Acid.

Cell structure - A polyethylene container was partitioned into three com=-
partments by use of two carbon dividers, which also served
as current collectors for the cathode.

The middle compartment contained 1 molal (CgHs){(CHs)sNPFg-
N-nitrosodimethylamine electrolyte, along with a lithium
anode. The two outer compartments contained 4.4 molar
sulfuric acid as the active cathode material.

Description of Cell Components

A. Polyethylene container:

Dimensions: Base = 7.2 x 7.2 cm.
Top = 8.2 x 8.2 cm.
Depth = 6 cm.

B. Carbon dividers: (Helwig Carbon - 34151)

Dimensions: Length = 7.65 cm.
Width = 5.05 cm.
Thickness = 0.3 cm.

Pre-treatment: The plates were electrolyzed in sulfuric acid
prior to use for the purpose of increasing the porosity of the
carbon. Following this, the plates were platinized.

The weights of the two plates were 19.1 and 18.7 grams. These
dividers were bonded to the container with epoxy glue at a
distance of 1 cm from each end at the base.

C. Lithium electrode - the same two lithium blocks which had been utilized
in cells No. 14, 15 and 16 were used. (Only a small
fraction of the lithium had been consumed thus far.)
The blocks were placed one on top of the other in the
central compartment of the cell container.

Total weight of lithium, 38.46 grams.

Total weight of nickel screen, 3.00 grams.

D. Cathode solution - 4.4 molar HpSO4; total of 63 ml. divided between
two compartments.

E. Electrolyte - 100 ml. of 1 molal (CgHs)(CHg)sNPFg-N-nitrosodimethylamine.

F. Total weight of assembled cell = 304.4 grams.

1v-68

o B W e\l A



TABLE IV, DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

17. Lithium-Sulfuric Acid. (Continued)

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms) (ma) Reference (Ag/AgCl)

0 3.10° -— 0 _—

1.7 3.07 -—- 0 -2.78

2.6 2.95 100 29.5 -2.72

5 2.84 100 28.4 -2.70

8.4 2.78 100 27.8 -2.71
11.5 2.68 100 26.8 -2.68
11.8 2.60 50 52.0 -2.63
15 2.50 50 50.0 -2.58
18 2.50 50 50.0 -2.61
18.8 2.52 50 50.3 -2.65
21.6 2.50 50 50.0 -2.65
21.8 2.4k 30 81.4 -2.62
24 .8 2.39 30 79.7 -2.57
28 2.33 30 7.7 -2.52
31.8 2.25 30 75.0 -2.45
32 2.19 20 109 -2.40
35 2.10 20 105 -2.3k4
38 2.01 20 100 -2.26
38.4 1.82 10 182 -2.10
hi.7 1.65 10 165 -1.95
41.9 1.35 5 170 -1.70
44.8 1.20 5 240 -1.82
L5 0.80 2 400 -1.17
45,5 0.73 2 365 -1.11
L8.4 0.62 2 310 -1.00
k3.8 0.62 2 310 -1.00
50 0.37 1 370 -0.72
53 0.3k4 1 340 -0.68
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

17. Lithium-Sulfuric Acid. (Continued)

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference {Ag/AgCl)
56.5 1.93 -—- 0 -2.10

At this point, the discharge was discontinued. Hz804 had leaked
around and through the dividers to an appreciable extent, causing
corrosion of the lithium. The lithium surface was scraped clean,
the electrolytes were replenished, and discharge resumed.

1.0 1 1000 -2.00

0.95 1 950 -2.08
3.9 0.70 1 700 -1.70
b7 1.40 - 0 -1.90

Acid leaked around carbon dividers and corroded lithium again.
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

18. Lithium-Cuprous Chloride.

Cell structure - exactly the same as for cell No. 15. {Carbon vessel
- contains cathode solution.)

Anode - Two lithium blocks used in previous cells (surfaces scraped).

Weights of lithium blocks (including nickel screen) = 21.13
grams and 19.96 grams.

Cathode - CugCly (dissolved), 1 molal in dimethylformamide. 45 ml. used.
Electrolyte - 1 molal (CgHs)(CHs)aNPFg-N-nitrosodimethylamine.

Weight of carbon vessel = 37.74 grams.

Total weight of cell = 283.1 grams.

Reference electrode - Ag/AgCl.

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Ag/AgCl (Volts)
0 2.79 -— 0 -2.80
0.9 2.80 - 0 -2.80
1.1 2.55 100 25.5 -2.76
2.4 2.50 100 25.0 -2.77
4.3 2.45 100 24 .5 -2.78
9.9 2.41 100 2h,1 -2.79
10.3 2.22 50 22.2 -2.77
11.4 2.15 50 21.5 -2.78
15 2.11 50 21.1 -2.79
20 2.10 50 21.0 -2.79
20.1 ———- 30 —_—— ——
20.2 1.91 30 63.7 -2.77
25 1.83 30 61.0 -2.78
30 1.81 30 60.2 -2.78
30.1 1.73 25 69.4 -2.77
34,2 1.70 25 68.0 -2.78
4o 1.69 25 67.6 -2.78
40.5 1.60 20 80.0 -2.77
43.8 1.57 20 78.6 -2.78
49.7 1.53 20 76.5 -2.78
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TABLE Iv. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

18. Lithium-Cuprous Chloride. (Continued)

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Ag/Agcl (Volts)
50 1.27 10 127 -2.74
sh.T 1.1 10 114 -2.73
59.8 1.10 10 110 -2.73
60 0.82 5 164 -2.70
60.5 0.80 5 160 ——
64.5 0.74 5 148 -2.70
66.2 0.73 5 146 -2.70
70 —— 100 -- -2.80
70.5 1.95 100 19.5 -2.81
75 2.19 100 21.9 -2.82
80 2.23 100 22.3 -2.82
85 2.27 100 22.7 -2.81
90 2.30 100 23.0 -2.82
90.2 2.00 30 86.7 -2.79
95 1.83 30 61.0 -2.79
100 1.78 30 59.3 -2.79
105 1.73 30 57.6 -2.79
113 1.68 30 56.0 -2.79
127 1.62 30 54.0 -2.80
138 1.56 30 52.0 -2.79
149 1.54 30 51.3 -2.80
150 -——— ——— 0 -——-
151 2.28 -— 0 -2.87
152 2.38 - 0 -2.88
158 2.48 -— 0 -2.88

Observation: No insoluble corrosion products had formed at the lithium surface.
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED

19.

ACTIVE CATHODE MATERIALS (Continued)

Lithium-Cupric Chloride.

:Cell structure - A cylindrical carbon vessel containing an aqueous

solution of cupric chloride dihydrate (CuClz*2HZ0)
was positioned between two lithium electrodes which
were immersed in an ethylene carbonate-propylene
carbonate electrolyte in a polyethylene container.
The carbon vessel served as the cathode current
collector,

Description of cell components -

A. Carbon vessel:

Dimensions: External diameter = 5 cm.
Length = 3.5 cm.
Internal diameter = 4 cm.
Internal length = 3 cm.

Weight of vessel = 47.7 grams.
B. Polyethylene container:
Weight = 39.7 grams.

C. ZLithium anodes - The block anodes from cell No. 18 were utilized
again.

Weights of lithium anodes, 18.50 and 18.25 grams.
Weights of nickel screens, 1.50 and 1.50 grams.

D. Cathode solution - 1 molal CuClp'2H50 in water. Volume employed
= 50 ml.

E. Electrolyte - 1 molal (CgHs)(CHg)sNPFg in ethylene carbonate
(80%)-propylene carbonate (20%). Volume employed
= 100 ml.

Total weight of assembled cell = approximately 300 grams.

Reference electrode - Ag/AgCl
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED
ACTIVE CATHODE MATERIALS (Continued)

19. Lithium-Cupric Chloride. (Continued)

Time Resistance Current Lithium vs.
(Minutes) Cell Voltage (Ohms ) (ma) Reference (Volts)
0 ———- —-- o T ——
2 2.83 - 0 -2.72
2.6 2.30 100 23 -2.40
4.5 2.25 1100 22.5 -2.45
13 .4 2.13 100 21.3 -2.43
23.2 1.91 100 19.1 -2.42
47.6 1.77 100 17.7 -2.50
5l 1.75 100 17.5 -2.51
56 1.83 100 18.3 -2.52
.2 1.63 100 16.3 -2.48
83 o --- 0 -2.55
8.7 2.27 -— 0 -2.64
86 1.80 100 18.0 -2.38
91 1.73 100 17.3 -2.49
98.5 1.79 100 17.9 -2.47
113 1.68 100 16.8 -2.47
122 1.69 100 16.9 -2.46
150 1.67 100 16.7 -2.L45
157 1.68 100 16.8 -2.46
174 ©1.72 100 17.2 -2.44
197 1.65 100 16.5 -2.43
209 1.61 100 16.1 -2.43
2k5 1.40 100 . 14,0 c——
425 1.20 100 12.0 ———
545 1.20 100 12.0 c——-
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TABLE 1IV.

DISCHARGE OF CELLS UTILIZING DISSOLVED

ACTIVE CATHODE MATERIALS (Continued)
19. Lithium-Cupric Chloride. (Continued)
Time Resistance Current Lithium vs,
(Minutes) Cell Voltage (Ohms ) _(ma) Refefence (Volts)
665 1.00 100 10.0 ————
905 1.00 100 10.0 ———
1025 1.00 100 10.0 ———
1085 1.10 100 11.0 ———
1110 1.10 100 11.0 ————
1111 1.58 --- 0] -2.35
1118 1.96 - 0 -2.39
1127 2.03 - 0 -2.39
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A.

TABLE V. CHEMICAL STABILITY OF ANODE MATERIALS

IN ELECTROLYTE SOLUTIONS

Tests of Two Weeks Duration. Page
Stability in Acetonitrile Solutions. Iv-78
Solute Anode Material
1. (n-C4Hg)oNHoASFg Ca
(Di-n-butylammonium hexafluoroarsenate) Mg
2. AlCls Mg
/CHECHZ\
3. O\CHZCH2/ NH-PF g Ca
(Morpholinium hexafluorophosphate)
L. (n-CgHy)4NPFg Ca
(Tetra-n-propylammonium hexafluorophosphate)
Stability in Dimethylformamide Solutions. 1v-80
1. (CHg)4NPFg Mg
(Tetramethylammonium hexaf luorophosphate)
2. (n-C4Hg)-NH-AsFg Ca
(Di-n-butylammonium hexafluoroarsenate) Li
Mg
3, O<CH20H2\ NHoPFe Ca
CHoCHs / M
(Morpholinium hexafluorophosphate) g
4. (CgHs)(CHs)sNPFg Ca
(N-phenyl N,N,N-trimethylammonium hexa- Li
fluorophosphate) Mg
5. (n-CgH7)3NHAsFg Ca
(Tri-n-propylammonium hexafluoroarsenate) Li
Mg
Stability in 80 WT % Ethylene Carbonate-
20 WT % Propylene Carbonate Solutions. Iv-83
1. (CgHs)(CHg)sNPFg Ca
(N-phenyl N,N,N-trimethylammonium hexa- Li
fluorophosphate) Mg
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TABLE V, CHEMICAL STABILITY OF ANODE MATERIALS

IN ELECTROLYTE SOLUTIONS (Continued)
Page
C. Stability in 80 WT % Ethylene Carbonate-
20 WT % Propylene Carbonate Solutions. (Continued) 1V-83
2. (n-CgH7)3NHAsFg Ca
(Tri-n-propylammonium hexafluoroarsenate) Mg
CHoCHp
3. 0 Chions SNH2PFe gla
(Morpholinium hexafluorophosphate) &
D. Stability in N-Nitrosodimethylamine Solutions. 1v-85
1. (n-C4Hg)oNHoAsFg Mg
(Di-n-butylammonium hexafluoroarsenate)
/CHecHg\ .
2. 0L (pZ = > MHPFe Lt
(Morpholinium hexafluorophosphate) &
3. {(n-CgH7)3NHAsFg Li

(Tri-n-propylammonium hexafluoroarsenate)
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TABLE vI. CHEMICAL STABILITY OF CATHODE
MATERIALS IN ELECTROLYTE SOLUTIONS

Page
Tests of Twenty-Four Hours Duration.
Stability in Acetonitrile Solutions....... ceeveeaeess IV-87
Stability in Dimethylformamide SolutionsS......c..... . 1v-89

Stability in Ethylene Carbonate (80 Weight %)-
Propylene Carbonate (20 Weight %) Solutions.......... IV-90

Stability in N-Nitrosodimethylamine Solutions........ IV-92
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TABLE VI.

CHEMICAL STABILITY OF CATHODE
MATERIALS IN ELECTROLYTE SOLUTIONS.

Tests of Twenty-Four Hours Duration.
A. Stability in Acetonitrile Solutionmns.

Cathode Visible Change After
Solute Material 24 Hour Exposure
\
1. AlCls CuFp Solution color changed from colorless
\ to green.
MnOp Solution color changed from colorless
‘ to tan.
i CoFg Solution color changed from colorless
‘ to brown. CoF3 color changed from
brown to blue.
‘ Cu No change.
|
V 2. LicCl CuF No change.
i MnO5 No change.
‘ CoFg No change.
Cu No change.
3. (p-CioHasCeH4CHo)(CHs)sNPFg CuF, Solution color changed from faint

(N-(p-Dodecylbenzyl)N,N,N-
trimethylammonium hexa-

yellow to colorless.

MnO, Solution color changed from faint
fluorophosphate) yellow to colorless.
CoF5 Solution color changed from faint
' yellow to colorless.
Cu Solution color changed from faint
yellow to colorless.
k. (CHz)NPFg CuF» No change.
(Tetramethylammonium
No change.
hexafluorophosphate) MOz °c ge
' CoFg No change.
Cu No change.
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TABLE VI. CHEMICAL STABILITY OF CATHODE MATERIALS
IN ELECTROLYTE SOLUTIONS

Tests of 24 Hours Duration.
A. Stability in Acetonitrile Solutions. (Continued)

Cathode Visible Change After

Solute Material 24 Hour Exposure
(CgHs ) (CHg ) aNPFg CuFs Solution color changed from clear
(N-Phenyl N,N,N- gray to blue-green.
trimethylammonium , .

MnOo Solution color changed slightly from
hexafluorophosphate) clear gray to light blue.

CoFg Solution color changed from clear

gray to orange-yellow.

Cu No change.
(n-CH7 ) sNHASFg CuF> No change.
(Tri-n-propylammonium .
hexafluoroarsenate) MnOo Solution color deepened.

CoFa No change.

Cu No change.
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TABLE VI.

CHEMICAL STABILITY OF CATHODE

MATERIALS IN ELECTROLYTE SOLUTIONS (Continued)

Tests of Twenty-Four Hours Duration. (Continued)

B. Stability in Dimethylformamide Solutions.

Cathode Visible Change After

Solute Material 24 Hour Exposure

1. Lici CuF, Solution color changed from colorless

: to orange. CuFp changed from gray to
yellow.

MnOy No change.

CoFj5 Solution color changed from colorless
to dark blue. CoF5 color changed from
brown to black.

Cu No change.

2. (p-Cy1oHo5CeH4CHo)(CHL)gNPFg CuF, No change.

(N-(p-Dodecylbenzyl)N,N,N-
trimethylammonium hexa- MOz No change.
fluorophosphate) CoFg No change.

Cu No change.

3. (CHz)4NPFg CuFo Color of CuF, changed from light
(Tetramethylammonium gray to darker gray.
hexafluorophosphate) MnO» No change.

CoFa Solution changed from colorless to
faint red; CoFs color darkened.
Cu No change.
4. (CgHs)(CHz)aNPFg CuFo No change.
(N-Phenyl N,N,N-
trimethylammonium MnOz No change.
hexafluorophosphate) CoFg Solution color changed from clear
gray to clear brown. CoFg color
darkened.
Cu No change.
5. (n-CzH7)3NHASFg CuF > No change.
(Tri-n-propylammonium MnOo Solution color somewhat deeper.
hexafluoroarsenate)
CoFs Solution color somewhat deeper;
CoFg color darker.
Cu No change.
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TABLE VI. CHEMICAL STABILITY OF CATHODE
' MATERIALS IN ELECTROLYTE SOLUTIONS (Continued)

Tests of Twenty-Four Hours Duration. (Continued)
C. Stability in Ethylene Carbonate (80 Weight %)-
Propylene Carbonate (20 Weight %) Solutions.

‘ Cathode Visible Change After
‘ Solute Material 24 Hour Exposure
1. AlClg CuFy. Solution color changed from light

brown to deep amber. CuFz color
changed from gray to black.

MnO, Solution color changed from light
brown to dark green.

CoF3 Solution color changed from light
brown to dark blue. CoFz color
changed from brown to blue.

Cu No change.

2. LicCl CuFp Solution color changed from colorless
to orange-yellow. CuFp color changed
from gray to yellow-green.

MnOo No change.
CoF4 Solution color changed from colorless
to blue.
Cu No change.
3. Ep-?léH2506H4CH2)(C?S)SNPFS CuFs No change.
N-{p-Dodecylbenzyl )N,N,N-
trimethylammonium hexa- Mn02 No change.
fluorophosphate) CoFg CoFa color darkened.
Cu No change.
L. (CHz)4NPFg ' - CuF, No change.
(Tetramethylammonium
hexafluorophosphate) Mn02 No change.
CoFg CoFg color darkened.
Cu No change.
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TABLE VI. CHEMICAL STABILITY OF CATHODE MATERIALS
IN ELECTROLYTE SOLUTIONS

(Continued)

Tests of 24 Hours Duration. (Continued)
C. Stability in Ethylene Carbonate (80%)-

Propylene Carbonate (20%) Solutions.

(Continued)

Cathode Visible Change After
Solute Material 2k Hour Exposure
5. (CgHs)(CH3)3NPFg CuF5 Solution color changed slightly from
(N-Phenyl N,N,N- light gray to light green.
trimethylammonium .
t lor b .
hexafluorophosphate ) MnO5 Solution color became green
CoFg CoFg color darkened appreciably;
solution color became yellow.
Cu No change.
6. En—CsH7)3NHAsF6 CuFp No change.
Tri-n-propylammonium
hexafluoroarsenate) MOz No change.
CoFg Solution color changed from yellow
to brown; CoF3 darkened.
Cu No change.
T. (n-C4Hg) HoNASFg CuF, No change.
(Di-n-butylammonium
hexafluoroarsenate) MnO2 No change.
CoFg No change.
Cu No change.
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TABLE vI. CHEMICAL STABILITY OF CATHODE
MATERIALS IN ELECTROLYTE SOLUTIONS (Continued)

Tests of Twenty-Four Hours Duration. (Continued)
D. Stability in N-Nitrosodimethylamine Solutions.

Cathode Visible Change After
Solute Material 24 Hour Exposure
1. AlClj; CuF, CuF5 color changed from light gray
to light brown.

MnO,o Solution color changed from amber to
deep yellow-green.

CoFg Solution color changed from amber to
dark green; CoFs color changed from
brown to blue.

Cu Solution color changed from amber to
orange.

2. Licl CuF, Solution color changed from yellow
to amber. CuFp color changed from
gray to yellow.

MnO- No change.

CoF4 Solution color changed from yellow
to blue-green.

Cu No change.

3. (p-CipHosCeH4CHo)(CHs)3NPFg CuF, Solution color changed from yellow to
(N-(p-Dodecylbenzyl )N,N,N- yellow-green.
trimethylammonium hexa- .
fluorophosphate ) MnO, Solution color changed from yellow to
yellow-green.

CoFg Solution color changed from yellow to
yellow-green.

Cu Solution color changed from yellow to

yellow-green.
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TABLE VI.

IN ELECTROLYTE SOLUTIONS

CHEMICAL STABILITY OF CATHODE MATERIALS

Tests of 24 Hours Duration. (Continued)

(Continued)

D. Stability in N-Nitrosodimethylamine Solutions. (Continued)

Cathode Visible Change After
Solute Material 24 Hour Exposure
4. (CHg)4NPFg CuF o No change.
(Tetramethylammonium :
hexafluorophosphate) Mn0z No change.
CoFg CoF3 color darkened.
Cu No change.
5. (CgHs)(CHg)sNPFg CuF o No change.
(N-Phenyl N,N,N-
trimethylammonium MnO2 No chaage.
hexafluorophosphate) CoFg CoF3 color darkened appreciably.
Cu No change.
6. (n-CsH7)3NHAsFg CuFpo No change.
(Tri-n-propylammonium
hexafluoroarsenate) Mn02 No change.
CoFg CoF3 color darkened.
Cu No change.
T. (n-C4Hg)H-NAsFg CuF o No change.
(Di-n-butylammonium
hexafluoroarsenate) Mn0z No change.
CoFa No change.
Cu No change.
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VACUUM DISTILLATION APPARATUS FOR PURIFICATION OF SOLVENTS

FIGURE 3.

IV-96
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